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CHAPTER I 
 
INTRODUCTION 
 
 Communication between neurons occurs at highly specialized cell-cell junctions 
called synapses. These structures are composed of a pre- and post-synaptic terminal that 
allow for propagation of signals between neurons and are the basis for the complex 
circuitry found in the central nervous system (CNS). Postsynaptic terminals of excitatory 
synapses consist of actin-rich dendritic spines (Matus et al., 1982), which are small 
extensions from the dendrite that form connections with axonal terminals. The small post 
synaptic compartments created by the spine are hypothesized to form a biochemically 
unique microenvironment suited to the function and regulation of the particular synapse. 
Abnormalities in dendritic spines are associated with various neurological and psychiatric 
disorders, including mental retardation, schizophrenia, epilepsy, and Alzheimer’s disease, 
pointing to the importance of these structures in the CNS (Fiala et al., 2002). 
Morphological changes in dendritic spines due to reorganization of the actin cytoskeleton 
are thought to be important for synaptic function, and thus, integrating information flow 
within the brain (Dunaevsky et al., 1999; Fischer et al., 1998; Harris, 1999; Matus, 2000). 
Despite considerable interest, the molecular mechanisms that regulate spine morphology 
and synapse formation via modulation of the actin cytoskeleton are poorly understood. 
 
 
 
      1 
Dendritic Spine Formation 
 At some point, formation of a dendritic spine must involve protrusion from the 
dendrite toward the presynaptic terminal, and the driving force behind this motility is 
thought be actin polymerization (Matus, 2000). One theory of spine morphogenesis states 
that a spine originates as a highly motile short lived (10 min) filopodia that extends up to 
10 μm from the dendritic shaft (Figure 1) (Portera-Cailliau et al., 2003; Ziv and Smith, 
1996). The factors which direct these filopodia toward the presynaptic site of an axon are 
unclear; however, once in contact with a suitable presynaptic partner, the filopodia begin 
to stabilize and form adhesions to the presynaptic site (Washbourne et al., 2004). 
Dendritic spines contain more filamentous actin (F-actin) than filopodia (Calabrese et al., 
2006), so maturation from filopodia to dendritic spine must also require regulated actin 
polymerization. Although the actual structure of the underlying actin skeleton of dendritic 
spines is unknown, enlargement of the spine head, which is necessary for the formation 
of mature mushroom shaped dendritic spines, likely requires the formation of branched 
actin structures. 
 
WASP Family of Proteins 
 
Wiskott-Aldrich Syndrome and the discovery of WASP family proteins 
 Wiskott-Aldrich syndrome (WAS) is an X-linked genetic disease characterized by 
an increased tendency to bleed due to low platelet counts, eczema of the skin, and 
recurrent infections due to immunodeficiency involving both B and T lymphocytes (Ochs 
and Thrasher, 2006). The gene responsible for this disease, Wiskott-Aldrich syndrome  
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Figure 1. Dendritic spine development 
 
Rhodamine-phalloidin stained cultured hippocampal neurons demonstrating development 
of a dendritic spine and that spines are rich in actin. One model of spine morphogenesis 
involves initial protrusion (left), stabilization of the protrusion (middle), and maturation 
into a mushroom shaped dendritic spine (right). 
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protein (WASP), was cloned by Derry et al. (1994), who used positional cloning to 
identify the gene on the X-chromosome responsible for the disease. They also identified 3 
different mutations in exon 2 of WASP in three unrelated patients, confirming that 
mutations of this gene cause the disease. Its expression was restricted to hematopoietic 
cells of lymphocytes, spleen, and thymus, and defects in these cells correlate with the 
symptoms of WAS described earlier. WASP was discovered to be involved in the 
regulation of actin polymerization (Symons et al., 1996), and this explained the abnormal 
cell architecture, trafficking, and migration of hematopoietic cells from WAS patients 
(Ochs and Thrasher, 2006). 
 Several years after the discovery of WASP, a 65 kDa protein with 50% homology 
to WASP was discovered in a screen for abundant sarcoma (Src) homology/growth factor 
receptor-bound protein 2 (Ash/Grb2) interacting proteins from bovine brain (Miki et al., 
1996). Although this novel protein was expressed ubiquitously in brain, lung, heart and 
colon, it was most abundant in the brain, resulting in the name neural WASP (N-WASP). 
This novel protein bound actin and depolymerized actin in vitro, and overexpression in 
COS-7 cells affected actin polymerization (Miki et al., 1996). The human homolog of N-
WASP was subsequently cloned by the same group and found to be expressed throughout 
the brain (Fukuoka et al., 1997). 
 Three other members of the WASP family of proteins have been identified to date, 
and all contain a similar domain arrangement as WASP and N-WASP. WASP family 
verprolin homologous protein 1 (WAVE1) was identified through a database search for 
proteins containing sequences similar to the highly conserved verprolin homology 
domains of WASP and N-WASP. It was only expressed in the brain (Nagase et al., 
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1996), and was found to be a regulator of actin polymerization downstream of Rac (Miki 
et al., 1998b). Further database and library screening identified WAVE2, which was 
expressed ubiquitously except for skeletal muscle, and WAVE3, whose expression was 
restricted to the brain (Suetsugu et al., 1999). 
 
Domain Structure of WASP family proteins 
 The VCA region of WASP family proteins, consisting of the verprolin 
homology domain (V), cofilin homology domain (C, also known as the central domain), 
and acidic domain (A), is at the extreme C-terminus of all WASP family proteins (Figure 
2). The V domain, also known as a WASP homology 2 (WH2) domain (for review see 
Paunola et al. (2002)), directly binds monomeric actin (G-actin) (Chereau et al., 2005). In 
the case of N-WASP, it was originally thought to cooperate with the C domain to sever 
actin filaments (Miki and Takenawa, 1998), but is now thought to deliver the first actin 
monomer to initiate polymerization of a new actin filament (Goley and Welch, 2006) The 
C and A domains bind the Arp2/3 complex, and, along with the V domain, activate 
Arp2/3 nucleation of new actin branches at a fixed 70° angle to the original filament 
(Amann and Pollard, 2001; Mullins et al., 1998; Rohatgi et al., 1999). N-WASP is unique 
among WASP family members in that it contains two consecutive V domains, and this 
feature allows for more potent stimulation of actin polymerization than the VCA regions 
of the other family members which contain only one V domain (Yamaguchi et al., 2000). 
Adjacent to the VCA regions of all WASP family proteins is a proline rich region, the 
polyPro domain, which is important for binding of profilin (Suetsugu et al., 1998) and 
Src homology 3 (SH3) domain containing proteins (Takenawa and Suetsugu, 2007) by  
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Figure 2. N-WASP 
 
Free N-WASP favors the auto-inhibited conformation, top. Binding of Cdc42 to the 
GBD domain and PIP2 to the B domain shifts the equilibrium to the active conformation, 
bottom. Domains: Pleckstrin homology (PH), calmodulin binding (IQ), basic (B), 
GTPase binding domain (GBD), poly-proline domain (polyPro), verprolin homology (V), 
central (C), and acidic (A). Modified from (Stamm et al., 2005). 
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WASP, N-WASP, and WAVE1, and insulin receptor substrate p53 (IRSp53) by WAVE2 
(Miki et al., 2000). 
Although the C-terminal regions of WASP family members are similar, the N 
termini contain unique domains allowing for activation by diverse upstream signals. 
WASP and N-WASP, but not the WAVEs, contain an N-terminal WASP homology 1 
(WH1) domain, also called an Ena-VASP homology domain (EVH1). WASP interacting 
protein (WIP) (Ramesh et al., 1997), corticosteroids and regional expression-16 (CR-16) 
(Ho et al., 2001), and WIP- and CR16-homologous protein/WIP-related (WICH/WIRE) 
(Aspenstrom, 2002; Kato et al., 2002) all form complexes with the WASP and N-WASP 
WH1 domains and regulate activation of actin polymerization (for review see Anton and 
Jones (2006)). The WH1 domain of WASP and N-WASP, which was originally 
identified as a pleckstrin homology (PH) domain, also cooperates with an adjacent basic 
(B) region to bind phosphatidylinositol 4,5-bisphosphate (PIP2) (Miki et al., 1996), an 
interaction which has been shown to be involved in the activation of actin polymerization 
by WASP and N-WASP (Prehoda et al., 2000). The extreme N-termini of the WAVEs 
consist of a WAVE homology domain/Suppressor of the cAMP receptor (Scar) 
homology domain (WHD/SHD). The WAVE2 WHD/SHD binds Phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) in cooperation with the basic region, which is important in 
the formation of lamellipodia (Oikawa et al., 2004). 
WASP and N-WASP, but not the WAVEs, have a Cdc42/Rac interactive binding 
(CRIB) domain, sometimes called the GTPase binding (GBD) domain, C-terminal to the 
WH1 and basic region. Cdc42 binds to the CRIB/GBD domain and activates WASP 
(Symons et al., 1996) and N-WASP (Miki et al., 1998a). Other small GTPases such as 
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Tc10, RhoT, and Chp also bind and activate N-WASP (Abe et al., 2003; Aronheim et al., 
1998). 
At rest, WASP and N-WASP exist in an autoinhibited conformation (Figure 2), 
where the C-terminal VCA region folds back onto the CRIB/GBD and other surrounding 
regions (Miki et al., 1998a; Rohatgi et al., 1999). This predicted conformation was 
visualized by a crystal structure which showed that WASP VCA binds to the CRIB/GBD 
and induces formation of a compact, folded domain immediately C-terminal (Kim et al., 
2000). There is no autoinhibition within WAVE proteins because they do not posses a 
CRIB/GBD. Instead, they integrate into pentameric heterocomplexes called WAVE 
complexes, which keep them inactive until upstream signals release them (Eden et al., 
2002; Innocenti et al., 2004; Stovold et al., 2005; Suetsugu et al., 2006). 
 
N-WASP 
 
N-WASP in cell biology 
N-WASP plays a wide variety of roles in processes requiring regulation of actin 
polymerization, such as cell motility and pathogen infection, as well as the process of 
transcription. N-WASP is most well known and characterized for its role in actin based 
cell motility in non-neuronal cells. N-WASP has been implicated in the formation of 
filopodia and invadopodia. During the initial discovery of N-WASP, it was observed that 
overexpression of N-WASP in COS-7 cells, along with EGF stimulation, caused the 
formation of microspikes (Miki et al., 1996). The same group later showed that Cdc42 
activation of N-WASP caused extension of filopodia in COS-7 cells and Swiss 3T3 
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fibroblasts (Miki et al., 1998a), but it was shown shortly thereafter that N-WASP is not 
required for all filopodial protrusions (Snapper et al., 2001). N-WASP knockout mice 
were generated, and although they did not survive past embryonic day12, 50% of cells 
derived from the embryos were still able to form normal lamellipodia and filopodia when 
injected with active Cdc42. This indicates that N-WASP is not necessary for the 
formation of all Cdc42 induced filopodia. This is not surprising, since it is 
counterintuitive to think that N-WASP initiates filopodia formation. Filopodia contain 
bundled actin filaments (Lewis and Bridgman, 1992), while N-WASP induced actin 
polymerization produces branched filaments (Blanchoin et al., 2000; Pantaloni et al., 
2000). 
Other functions of N-WASP activation of the Arp2/3 complex include regulation of 
podosome formation in macrophages and invadopodium formation in certain types of 
cancer cells (Linder and Aepfelbacher, 2003; Sturge et al., 2002; Yamaguchi et al., 
2005). Recently, it was reported that N-WASP is involved in dorsal ruffle formation in 
mouse embryonic fibroblasts as well as migration in ovarian tumor cells (Bourguignon et 
al., 2007; Legg et al., 2007). N-WASP has also been shown to be involved in regulating 
actin polymerization during vesicular trafficking, and, specifically, endocytosis through 
syndapin I and Bin–amphiphysin–rvs (BAR) domain containing proteins (Itoh et al., 
2005; Qualmann and Kelly, 2000).  
N-WASP in the nucleus plays a role in regulating polymerization of nuclear actin 
for RNA-polymerase-II dependent transcription through binding to a large nuclear 
protein complex (Wu et al., 2006). It has also been reported that nuclear localization of 
N-WASP is regulated by tyrosine phosphorylation, and when in the nucleus, it binds heat 
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shock transcription factor to regulate heat shock protein 90 (HSP90) expression 
(Suetsugu and Takenawa, 2003). A role for N-WASP in pathogen infection has been 
shown for actin based motility of Shigella flexneri (Suzuki et al., 1998) and vaccinia virus 
(Frischknecht et al., 1999), actin pedestal formation of Escherichia coli (Lommel et al., 
2001), internalization of Yersinia pseudotuberculosis (McGee et al., 2001), and actin tail 
formation of Mycobacterium marinum (Stamm et al., 2005). 
 
N-WASP in neurite extension 
 The most well studied role for N-WASP in the nervous system is its influence on 
neurite extension in the developing neuron. Several cell types, including PC-12, N1E-
155, and primary rat hippocampal neurons have been used to study this phenomenon. A 
majority of reports have shown that N-WASP activity is required for extension of 
neurites, although there is some conflicting evidence that N-WASP activity inhibits 
neurite extension. 
An N-WASP that did not efficiently activate Arp2/3 complex was generated by 
mutating 4 residues in the cofilin homology domain (Δcof) corresponding to mutations 
found in the WASP of a subset of WAS patients. When Δcof or the N-WASP H208D 
mutant, which is unable to bind Cdc42, was expressed in PC-12 cells, NGF and cAMP 
were not able to stimulate normal neurite outgrowth. Interestingly, the double Δcof-
H208D mutant failed to suppress outgrowth, suggesting that Cdc42 was able to signal to 
the Arp2/3 complex through endogenous N-WASP and the individual mutants acted as 
dominant negatives. Infection of primary rat hippocampal cultures with the Δcof mutant 
also inhibited neurite outgrowth (Banzai et al., 2000). 
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 N-WASP was found to be involved in neurite extension in PC-12 and N1E-115 
cells downstream of Tc10 and a related novel Rho GTPase, RhoT, and this effect was 
blocked by the dominant negative H208D mutant of N-WASP (Abe et al., 2003). 
Interestingly, constitutively active Cdc42, despite the fact that it binds to the N-WASP 
CRIB domain like Tc10 and RhoT, did not induce neuritogenesis in these cells. 
 Suetsugu et al. (2002) further elaborated on this mechanism in PC12 cells, N1E-
115 cells, and primary hippocampal neurons, showing sustained activation of N-WASP 
through phosphorylation by Fyn, a Src family kinase. The N-WASP Y253F mutation 
eliminating the necessary tyrosine phosphorylation site significantly reduced neurite 
outgrowth in primary hippocampal neurons. 
 Suetsugu et al. (2002) also found that phosphorylation of N-WASP during 
proliferative conditions, rather than conditions favoring neurite outgrowth, resulted in 
ubiquitination and degradation of N-WASP. Park et al. (2005) further investigated the 
degradation of N-WASP, and found that HSP90 regulates N-WASP induced actin 
polymerization along with tyrosine phosphorylation. HSP90 does not regulate Arp2/3 
complex activation by N-WASP; rather, it protects phosphorylated N-WASP from 
proteasomal degradation, which helps sustain the N-WASP mediated initiation of actin 
polymerization, and as a result, is a positive regulator of neurite extension. 
 Two N-WASP interacting proteins, the novel protein Rapostlin (Kakimoto et al., 
2004) and the recently discovered transducer of Cdc42 dependent actin assembly (Toca-
1) (Ho et al., 2004), were found to regulate N-WASP in neurite extension. Rapostlin was 
shown to bind N-WASP through its SH3 domain and regulate neurite branching 
downstream of Rnd2, a novel Rho family GTPase, in PC-12 cells (Kakimoto et al., 
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2004). Toca-1 initiated formation of a complex by binding N-WASP and Cdc42 through 
its SH3 and HR1 domains, respectively. Knockdown of either N-WASP or Toca-1 in PC-
12 cells increased neurite elongation. This data is in direct conflict with previous data 
using dominant negative N-WASP, which showed that expression of N-WASP H208D in 
PC12 cells decreased neurite extension (Banzai et al., 2000). Knockdown of N-WASP in 
cultured rat hippocampal neurons enhanced axon elongation and branching, while 
knockdown of Toca-1 only enhanced branching (Kakimoto et al., 2006). 
N-WASP has been shown to have a role in netrin-1 induced axon growth cone 
expansion in cultured primary neurons. Netrin-1 is a protein that guides migrating cells 
and axons, and its function in cultured hippocampal neurons requires Cdc42, Rac1, p21 
activated kinase 1 (PAK1), and N-WASP (Shekarabi et al., 2005). Application of netrin-1 
rapidly induced Cdc42, Rac1, and PAK1 activity as well as formation of a complex with 
Cdc42, Rac1, PAK1 and N-WASP with the intracellular domain of deleted in colorectal 
cancer (DCC) and Nck1. 
 Recently, the mammalian F-actin binding protein (Abp1), was shown to directly 
interact with N-WASP through its SH3 domain and activate it along with Cdc42 to 
control neurite extension (Pinyol et al., 2007). N-WASP, Arp2/3, and Abp1 colocalize at 
sites of actin polymerization in growth cones and throughout the dendritic arbors of 
cultured hippocampal neurons that were hypothesized to be sites of synaptic contact. 
Knockdown of N-WASP, Abp1, and Arp2/3, as well as expression of N-WASP lacking 
the proline rich domain (Abp1 binding), all resulted in increased axon length. 
 Finally, a recent study in PC-12 cells demonstrated an antagonistic role for Cdc42 
and Tc10 in control of N-WASP activity in neurite extension. Knockdown of N-WASP 
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and expression of dominant negative N-WASP-Δcof or H208D implicated N-WASP in 
Exo70/Tc10 mediated NGF induced membrane protrusion (Pommereit and Wouters, 
2007). Use of a FRET biosensor showed that Exo70 and constitutively active Tc10 
antagonized NGF induced Cdc42 dependent N-WASP activity. 
 
Other N-WASP functions in the nervous system 
 N-WASP has been implicated in other neuronal and non-neuronal processes 
requiring regulation of actin polymerization in the nervous system, including neural 
progenitor migration, synaptic vesicle trafficking, oligodendrocyte formation, along with 
preliminary evidence that it is involved in the formation of dendritic spines (Irie and 
Yamaguchi, 2002). 
Mouse disabled homolog 1 (mDab1) is a protein directly downstream of Reelin, 
which is a key molecule in determining cell position in the developing nervous system. It 
has been shown that mDab1 directly binds to N-WASP and induces actin polymerization 
through the Arp2/3 complex (Suetsugu et al., 2004). 
The protein sorting nexin 9 (SNX9) has been linked to clathrin mediated 
endocytosis, and recently has been found in the presynaptic compartment in cultured 
hippocampal neurons (Shin et al., 2007). SNX9 binds to dynamin and N-WASP through 
its SH3 domain, and mutation in the domain that eliminates N-WASP binding decreases 
endocytosis. 
 N-WASP also appears to be important for the formation of oligodendrocytes and 
the production of myelin. Inhibition of N-WASP by the specific inhibitor wiskostatin 
blocks process extension by oligodendrocyte precursor cells and Schwann cells, and 
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application of the inhibitor after extension causes rapid retraction (Bacon et al., 2007). 
Wiskostatin treatment also decreases the number of axons undergoing myelination in 
optic nerve samples and decreases expression of the glycoprotein Po in dorsal root 
ganglion:Schwann cell co-cultures, indicating decreased myelination. 
 Most important for this study, several groups have preliminary data implicating N-
WASP in synapse formation and dendritic spine dynamics. A hallmark of Alzheimer’s 
disease is abnormal neuronal sprouting of spike-like filopodial structures and growth 
cone like lamellipodia (McKee et al., 1989). These structures are the result of aberrant 
regulation of actin polymerization, but the mechanism of their formation is still not well 
understood. In order to investigate the role of WASP family proteins as potential causes 
of this phenotype, Kitamura et al. (2003) obtained tissue samples from postmortem brains 
of patients suffering from Alzheimer’s disease and showed significant increases in levels 
of N-WASP, WAVE, and WISH compared to normal brains. N-WASP has also been 
implicated in synaptic growth in Aplysia sensory neurons. Dominant negative Cdc42 or 
the CRIB domain of N-WASP reduced long term changes in synaptic structure induced 
by serotonin mediated plasticity (Udo et al., 2005). 
 
WAVEs 
 
WAVEs in the CNS 
 Studies in Drosophila showed that fly orthologs of Scar/WAVE1 complex 
components are found in developing axons. Knockdown of several members of the 
complex all result in similar phenotypes including aberrant axonal migration and a 
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decrease in synapses (Schenck et al., 2004). The similarity of the phenotypes may be 
explained by decreased expression of all members of the complex when expression of 
one component is decreased. 
The mechanism by which the WAVE1 complex localizes to axons was studied by 
Kawano et al. (2005). The collapsin response mediator protein 2 (CRMP-2) was found to 
associate with the Sra-1/WAVE1 complex and regulate axonal growth. RNAi mediated 
knockdown of WAVE1 abolished CRMP-2 mediated axon outgrowth and multiple-axon 
formation, leading to the hypothesis that CRMP-2 transports the Sra-1/WAVE1 complex 
into axons where it regulates axon outgrowth and formation. 
 A WAVE1 knockout mouse was generated to evaluate its role in development of 
the nervous system. The knockout had an average lifespan of 23 days and exhibited 
severe limb weakness, resting tremors. Their brains had gross neuroanatomical defects, 
but no changes in neuronal morphology were observed (Dahl et al., 2003). Cultured 
cortical neurons from E15 mice were normal at 5 days in culture when assessed for 
neurite length and number. This indicated that WAVE1 was important for neural 
development, but not necessary for extension of neurites. WAVE1 did appear to be 
involved in oligodendrocyte morphogenesis and myelination. WAVE1 localized to the 
leading edge of lamellipodia of cultured oligodendrocytes, and expression of dominant 
negative WAVE1 decreased outgrowth (Kim et al., 2006a). Oligodendrocytes isolated 
from the WAVE1 knockout mice had fewer processes while astrocytes and neurons 
appeared normal. The knockout mice also exhibited reduced myelination in the corpus 
collosum and optic nerve (Kim et al., 2006a). 
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WAVEs in dendritic spine formation 
 There is evidence for all 3 WAVE proteins in various aspects of spine 
morphogenesis or plasticity. To this point, the role of the WAVE proteins in the 
formation and plasticity of dendritic spines is more defined than that of N-WASP. GFP-
WAVE3 was shown to localize to spines in a manner not requiring the C-terminal VCA 
domains (Pilpel and Segal, 2005). Overexpression of full length GFP-WAVE3 decreased 
spine density, and this effect was mediated by the VCA domain, as expression of GFP-
WAVE3-ΔVCA had no effect on spines. Also, spinogenesis stimulated by glutamate 
caused translocation of WAVE3 into the tip of newly formed dendritic spines (Pilpel and 
Segal, 2005). There is also one report implicating WAVE2 in spine morphogenesis (Choi 
et al., 2005). IRSp53, whose SH3 domain has been shown to bind the polyPro domain of 
WAVE2 (Miki et al., 2000), links Cdc42/Rac1 signals to downstream actin regulators in 
non-neuronal cells (Govind et al., 2001; Krugmann et al., 2001). The density and size of 
spines was decreased when IRSp53 with a point mutation in the SH3 domain or WAVE2 
with a dominant negative polyPro region was expressed. 
 Very recently, several papers have connected WAVE1 with the development and 
plasticity of dendritic spines. Cultured medium spiny neurons from the WAVE1 
knockout mouse and cultured hippocampal neurons at 8 days in culture transfected with a 
WAVE1 RNAi construct showed a decrease in spine density (Kim et al., 2006b). This 
report also implicated the phosphorylation of WAVE1 in spine formation. Transfection of 
the WAVE1 RNAi construct along with an RNAi resistant WAVE1 S310D, a mutant to 
mimic phosphorylation at a cyclin dependent kinase 5 (Cdk5) site, into cultured 
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hippocampal neurons resulted in an increase in filopodia and a decrease in mature 
dendritic spines. 
 WAVE1 has been shown to localize to synapses, as cultured hippocampal neurons 
from wild-type mice at 21 days in culture immunostained for WAVE1 and postsynaptic 
density 95 (PSD-95) showed colocalization (Soderling et al., 2007). Also, a 20% decease 
in the number dendritic spines in Golgi impregnated hippocampal slices from the 
WAVE1 knockout mouse was seen when compared to slices from wild-type controls. 
Electrophysiological analysis of hippocampal slices from the knockout mice showed 
changes in synaptic input-output ratio, train induced LTP, and paired pulse induced LTD 
compared to wild-type controls. These changes in spine density and electrophysiological 
responses were found to be dependent on WAVE1 binding to WAVE-associated Rac 
GTPase activating protein (WRP) (Soderling et al., 2007). Generation of a transgenic 
mouse expressing WAVE1 lacking WRP binding sites showed similar phenotypes to 
those seen in the WAVE1 knockout. Finally, behavioral analysis found that disruption of 
WRP binding to WAVE1 decreases performance in the Morris water maze (Soderling et 
al., 2007), indicating learning and memory defects. 
 WAVE1 has also been linked to mitochondrial trafficking to dendritic protrusions. 
Mitochondria have been implicated in the formation of dendritic spines, in that they 
provide a local source of ATP for spine morphogenesis (Li et al., 2004). When cultured 
hippocampal neurons were transfected with a mitochondrial marker, stimulated with 
repeated K+ depolarizations, and stained for WAVE1, a significant colocalization of 
WAVE1 and mitochondria was observed (Sung et al., 2008). Also, RNAi mediated 
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knockdown of WAVE1 reduces mitochondrial trafficking to spines, and this function of 
WAVE1 was also tied to its phosphorylation by Cdk5 (Sung et al., 2008). 
 
Cdc42 
 Cdc42 is a member of the Rho family of small GTPases. GTPases are small 
guanine nucleotide binding proteins which exist in two forms: active-GTP bound and 
inactive-GDP bound. When bound to GTP, Rho family GTPases signal to downstream 
effectors controlling the actin cytoskeleton, providing the driving force for changes in 
cell morphology and migration. Changes in Rho GTPase signaling have been linked to 
changes in neuron morphology and mental retardation (Govek et al., 2005; Newey et al., 
2005).  
 
Cdc42 activation of N-WASP 
 Through a yeast two-hybrid screen, Cdc42 was initially discovered to bind WASP 
through the region now known as the CRIB/GBD (Aspenstrom et al., 1996), and 
subsequently, WASP was shown to be a downstream effector of Cdc42, but not Rac or 
Rho (Symons et al., 1996). N-WASP was implicated as an effector of Cdc42 when it was 
shown that N-WASP, but not WASP, enhanced filopodium formation induced by Cdc42 
(Miki et al., 1998a). Binding of PIP2 to the basic region of N-WASP, just C-terminal to 
the CRIB/GBD, cooperates with Cdc42 binding to maximally activate N-WASP (Higgs 
and Pollard, 2000; Papayannopoulos et al., 2005; Prehoda et al., 2000; Rohatgi et al., 
2000). Grb2 binding has also been shown to cooperate with Cdc42 to activate N-WASP 
through binding of its SH3 domain to the polyPro region of N-WASP (Carlier et al., 
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2000). Phosphorylation of the CRIB/GBD by the Src family tyrosine kinase may also act 
in concert with Cdc42 to active N-WASP (Torres and Rosen, 2006). 
 
Cdc42 in dendritic spine morphogenesis 
There are conflicting reports on the role of Cdc42 in the formation of dendritic 
spines. Several studies using constitutively active (Cdc42-HsV17) and dominant negative 
(Cdc42-N17) Cdc42 in cultured hippocampal neurons or organotypic slices have shown 
no effect on spine density or length (Govek et al., 2004; Tashiro et al., 2000). However, 
other studies suggest otherwise. Manipulation of several Cdc42 guanine nucleotide 
exchange factors (GEFs), including ARHGEF6, intersectin, GEFT, and βPIX have been 
shown to affect dendritic spine density (Bryan et al., 2004; Irie and Yamaguchi, 2002; 
Nishimura et al., 2006; Node-Langlois et al., 2006; Park et al., 2003). Expression of a 
loss-of-function Cdc42 in Drosophila vertical system neurons showed a 50% decrease in 
dendritic spines (Scott et al., 2003), and Cdc42 was also shown to play a role in learning 
related synaptic growth in Aplysia (Udo et al., 2005). Manipulation of IRSp53, a 
downstream effector of Rac1/Cdc42, in cultured hippocampal neurons caused changes in 
dendritic spine formation and morphology (Choi et al., 2005). Finally, a recent report 
using cultured hippocampal neurons and organotypic slices linked a Cdc42/PAK3 
module to dendritic spine formation (Kreis et al., 2007). 
 
The Arp2/3 Complex 
 Actin provides a mechanical support for cells and the driving force for cell 
movement and cytokinesis. The generation of branched actin filaments catalyzed by the  
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Figure 3. Initiation of actin polymerization by the Arp2/3 complex and a WCA 
domain. 
 
Nucleation of actin polymerization from an existing filament by the Arp2/3 complex and 
a WCA (WASP homology 2 (also known as verprolin homology(V)), central/cofilin 
homology (C), acidic (A)) region from a WASP family member. Reprinted from Goley et 
al. (2006). 
 20
Arp2/3 complex is important for generation of this support network (Pollard, 2007). By 
anchoring the pointed end of a new actin filament to an existing filament, the Arp2/3 
nucleates new filaments at a fixed 70° angle, with the free barbed end able to extend until 
polymerization is terminated by a capping protein (Figure 3) (Amann and Pollard, 2001; 
Blanchoin et al., 2000; Mullins et al., 1998; Pantaloni et al., 2000). The 7 member Arp2/3 
complex is composed of two actin-related proteins, Arp2 and Arp3, and 5 other novel 
subunits, ARPC1-5 (Machesky et al., 1994; Welch et al., 1997a). 
 The Arp2/3 complex exists in an inactive state until activated by a nucleation 
promoting factor (NPF). All members of the WASP family are NPFs, and are able to 
perform this function by binding and activating the Arp2/3 complex (Machesky and 
Insall, 1998; Machesky et al., 1999; Yarar et al., 1999). Isolated full length N-WASP is 
not an efficient activator of the Arp2/3 complex, but the N-WASP VCA region by itself 
is 100 times more potent at stimulating Arp2/3 mediated actin polymerization (Rohatgi et 
al., 1999). Cdc42 was known to activate Arp2/3 mediated actin polymerization (Ma et al., 
1998), and this provided the missing link in the activation of Arp2/3 by N-WASP. It was 
found that Cdc42, along with PIP2, could fully activate full length N-WASP mediated 
actin polymerization by the Arp2/3 complex to the same extent as the N-WASP VCA 
fragment alone (Higgs and Pollard, 2000; Rohatgi et al., 1999), suggesting that Cdc42 
was able to relieve the intramolecular inhibition within the resting state of N-WASP that 
prevented its ability to activate the Arp2/3 complex. 
 The interaction of the Arp2/3 complex with N-WASP has been narrowed down to 
the C and A domains (Marchand et al., 2001; Panchal et al., 2003), but the entire VCA 
region is required for full activation of actin polymerization by the complex (Hufner et 
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al., 2001). N-WASP has two V domains, while the other WASP family members only 
have 1, and these two V domains allow N-WASP to be a more potent activator of Arp2/3 
mediated actin polymerization than the other family members (Yamaguchi et al., 2000; 
Yamaguchi et al., 2002; Zalevsky et al., 2001). This leads to a model of actin 
polymerization where the CA region binds to Arp2/3 and the V domains bind actin 
monomers which can be used to initiate the new actin filament (Figure 3). Recently, a 
more subtle model was proposed where the C domain first binds to Arp2/3 to prime the 
complex, then binds an actin monomer to initiate filament assembly (Goley et al., 2004; 
Kelly et al., 2006; Rodal et al., 2005). 
 
The Arp2/3 complex in neurons 
Since the Arp2/3 complex is the only known actin effector downstream of all 
WASP family proteins, it has the potential to be involved in all of the neuronal processes 
implicating N-WASP and WAVEs, as well as other NPFs known to activate the complex. 
The Arp2/3 complex has been specifically implicated in neurite branching by several 
reports (Banzai et al., 2000; Kakimoto et al., 2006; Pinyol et al., 2007). It has also 
recently been shown to play a critical role in the generation of branched actin filaments 
for growth cone motility and neurite formation in cultured neurons (Goldberg et al., 
2000; Korobova and Svitkina, 2008; Mongiu et al., 2007; Strasser et al., 2004). 
 
Summary and Hypothesis 
WASP family members regulate actin polymerization through binding and 
activation of the Arp2/3 complex in a wide variety of processes in neuronal and non-
 22
neuronal cells. One important process that requires coordinated actin polymerization is 
the development and maturation of actin rich dendritic spines, which form the 
postsynaptic side of excitatory synapses in the central nervous system. However, the 
mechanisms which regulate the polymerization of actin in this process are poorly 
understood. We hypothesized that the WASP family members N-WASP and WAVE1, 
acting through the Arp2/3 complex, are necessary for the development of dendritic spines 
and synapses in rat hippocampal neurons. 
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CHAPTER II 
 
MATERIALS AND METHODS 
 
Cell Culture and Transfection 
 Hippocampal low density cultures were prepared as previously described (Figure 4) 
(Goslin et al., 1998).  Briefly, hippocampi were removed from E18 rat brains and 
dissociated with 0.25% trypsin in Hank’s buffered salt solution (HBSS) at 37º C for 15 
minutes.  The mixture was then pipetted vigorously and cells added dropwise to a 60 cm 
plate containing 5 x 1.5 cm diameter glass coverslips coated with poly-L-lysine.  Neurons 
were plated at a density of 70,000 cells/mm2.  After 2-4 hours at 37º C, the coverslips 
were transferred to a new 60 mm plate containing a bed of glia and N2 media 
supplemented with B27 (GIBCO, Grand Island, NY).  The coverslips were placed neuron 
side down and suspended over the bed of glia with three paraffin “feet”. 
 Glia were prepared from neonatal rat pups. Cerebral hemispheres were dissected 
out and meninges removed. Hemispheres were finely chopped with scissors and 
dissociated with 0.25% trypsin and 0.1% DNase in BSS at 37° C. The mixture was 
filtered through sterile nylon mesh (215 μm) and diluted with a mixture of MEM and 
10% horse serum to inhibit trypsin. Cells were then centrifuged at 800-1000 rpm and 
resuspended in MEM with 10% horse serum. 250,000 Glia were plated per 60 mm dish. 
 Neurons were transfected by a modified calcium phosphate precipitation method 
(Figure 5) (Zhang et al., 2003). Briefly, 6-12 μg of plasmid DNA was added to 120 μl of 
250 mM CaCl2, then 120 μl of 2X HBS (274 mM NaCl, 9.5 mM KCl, 15 mM glucose, 
42 mM HEPES, 1.4 mM Na2HPO4, pH 7.05-7.10) was added drop wise while the 
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Figure 4. Rat hippocamal culture protocol 
 
Hippocampi from E19 rat brains were dissociated with trypsin and plated on coverslips 
suspended over a bed of glia using the ‘sandwich culture” method (right panel). 
Reprinted from Goslin et al. (1998). 
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Figure 5. Calcium phosphate neuron transfection with EGFP 
 
10 X Phase image (left) and fluorescence image (right) of cultured hippocampal neurons 
transfected with EGFP 
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mixture was aerated.  The mixture was then immediately added drop wise to a 60 mm 
dish containing coverslips with the neuron side up, 2 ml GIBCO B27 supplemented 
neurobasal medium (Invitrogen, Carlsbad, CA), 2 ml 24-hour glia-conditioned neurobasal 
medium, and 0.5 mM kynurenic acid.  After 45-75 min. of complex formation, the cells 
were washed three times with HBS (20 mM HEPES, pH 7.35, 135 mM NaCl, 4 mM KCl, 
2 mM CaCl2, 1 mM MgCl2, 10 mM glucose) at 37º C and returned to the home dish 
supplemented with 0.5 mM kynurenic acid. 
HEK-293T cells and Rat2 Fibroblasts (ATCC, Manassas, VA) were cultured in 
DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 
penicillin/streptomycin. HEK cells were transfected with Lipofectamine 2000 
(Invitrogen) according to manufacturer’s instructions.  One day before transfection, cells 
were plated at density of 30,000 cells/cm2 in a 6 well plate.  10 μl of Lipofectamine 2000 
was diluted in 250 μl of Opti-MEM I Reduced Serum Medium (GIBCO) and, in a 
separate tube, 4 μg of DNA was diluted in 250 μl of Opti-MEM I and each tube was 
incubated at room temperature for 5 minutes.  The DNA and Lipofectamine 2000 
mixtures were combined, gently mixed, and incubated for 20 minutes at room 
temperature.  The mixture was added dropwise to the well and mixed gently.  Cells were 
then incubated at 37º C in a humid incubator for 72 hours before lysis. 
 
Immunohistochemistry 
For most antibodies, neurons were fixed with 4% paraformaldehyde (PFA)/4% 
glucose in phosphate-buffered saline (PBS, 5 mM NaH2PO4, 15 mM NaHPO4, 150 mM 
NaCl, pH 7.4) for 15 min.  Coverslips were then permeabilized with 0.2 % Triton-X in 
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PBS for 5 min and washed 3 times with PBS.  For PSD-95 staining, neurons were fixed 
for 3 min with 4% PFA solution and then permeabilized for 10 min in cold methanol at -
20º C.  Coverslips were then blocked for 1 hour with 20% goat serum in PBS. Antibodies 
were diluted in 5% goat serum in PBS to the indicated dilutions and incubated for 1 hour 
at room temperature, followed by 3 washes with PBS. Coverslips were mounted with 
Aqua Poly/Mount (Polysciences, Inc., Warrington, PA) and sealed with clear fingernail 
polish. 
 
Image Acquisition and Analysis 
 Neurons were imaged with a Retiga EXi CCD camera (QImaging, Surrey, BC) 
attached to an Olympus IX71 inverted microscope (Melville, NY) with a 10X (Olympus, 
numerical aperture 0.30) or 60X objective (Olympus, numerical aperture 1.45).  Image 
acquisition was controlled by MetaMorph software (Molecular Devices, Sunnyvale, CA) 
interfaced with a Lambda 10-2 automated controller (Sutter Instruments, Novato, CA).  
For EGFP and Alexa Fluor® 488, an Endow GFP Bandpass filter cube (excitation 
HQ470/40, emission HQ525/50, Q495LP dichroic mirror) (Chroma, Brattleboro, VT) 
was used.  Rhodamine, Alexa Fluor® 555, and FM4-64 FX were imaged with a 
TRITC/Cy3 cube (excitation HQ545/30, emission HQ610/75, Q570LP dichroic mirror) 
(Chroma). 
 Images were counted in MetaMorph using the “Count Nuclei” application module 
(for a detailed protocol see Appendix A).  Briefly, the dendrite of interest was circled and 
copied to a new window. The synapses were counted by the application based on 
adjustment of minimum and maximum widths and intensity over background and verified 
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by eye.  The distance of the dendrite counted was determined by MetaMorph, while 
Microsoft Excel was used to calculate synapses per 100 microns.  
 
Western Blot Analysis 
Three days after transfection, HEK-293T cells were harvested in lysis buffer 
containing 25 mM Tris, pH 7.4, 0.5% NP-40, 100 mM NaCl, and protease inhibitor 
cocktail (1:100, Sigma, St. Louis, MO), and spun for 10 minutes at 15,000 xg.  Samples 
were diluted in 5X Laemmli sample buffer (312.5 mM tris-base, 50% glycerol, 10% 
SDS, 0.035% bromophenol blue) and boiled at 95º C for 10 minutes.  50 μg of protein, as 
determined by BCA assay (Pierce, Rockford, IL), were run on a 10% SDS-PAGE gel in 
Laemmli running buffer (25 mM tris-base, 0.192 M glycine, 0.1% SDS, pH 8.3) at 150 V 
for 1 hour and transferred to a nitrocellulose membrane at 300 mV for 1 hour in transfer 
buffer (10% Methanol, 30 mM tris-base, 240 mM glycine).  Transferred protein was 
visualized with Ponceau S stain and washed with TBST (0.05% Tween-20, 10 mM Tris-
base, 150 mM NaCl), and membranes were blocked for 1 hour. with 0.5% BSA in TBST.  
Membranes were then probed with primary antibodies for 1 hour, washed 3 times with 
TBST, probed with secondary for 30 minutes, and washed 3 times with TBST.  Blots 
were scanned with an Odyssey infrared imaging system (Li-COR, Lincoln, NE), and 
quantified with Odyssey 2.0 software. For quantification, a best fit box was drawn around 
each band with the background set to “Median, Top/Bottom”. 
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CHAPTER III 
 
N-WASP AND THE ARP2/3 COMPLEX REGULATE THE DEVELOPMENT OF 
DENDRITIC SPINES AND SYNAPSES 
 
Introduction 
 Members of the Wiskott-Aldrich syndrome protein family, including WASP, neural 
WASP, and WASP-family verprolin homologous proteins are emerging as critical 
regulators of the actin cytoskeleton. These proteins initiate the nucleation of new actin 
filaments through activation of the Arp2/3 complex (Machesky et al., 1999; Rohatgi et 
al., 1999).  New filaments generated by the Arp2/3 complex are formed at fixed angles to 
the mother filament, creating a branched actin network that is commonly found in 
protrusive regions of cells (Bailly et al., 1999; Mullins et al., 1998).  C-terminal 
sequences within N-WASP, consisting of a verprolin-like homology domain (V), a 
central domain (C), and an acidic region (A), mediate binding of G-actin and Arp2/3 
complex to these proteins, which subsequently results in actin nucleation (Blanchoin et 
al., 2000; Machesky et al., 1999; Rohatgi et al., 1999; Yamaguchi et al., 2000). 
 N-WASP, as its name implies, is highly expressed in the brain, but its function in 
the nervous system is not well understood (Miki et al., 1996).  In this study, we show a 
crucial function for N-WASP in the formation of dendritic spines and synapses in 
hippocampal neurons.  This activity of N-WASP is dependent on its C-terminal binding 
and activation of the Arp2/3 complex.  Inhibition of Arp2/3 binding to N-WASP resulted 
in a significant reduction in the density of spines and synapses.  Decreased expression of 
an N-WASP activator, Cdc42, also caused a defect in the formation of spines and 
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synapses.  Thus, our results point to a critical role for activated N-WASP and the Arp2/3 
complex in the development of dendritic spines and synapses in the CNS. 
 
Experimental Procedures 
 
Reagents 
Synaptic vesicle 2 (SV2) (1:250) and glutamic acid decarboxylase-6 (GAD-6) 
(1:250) monoclonal antibodies were from the Developmental Studies Hybridoma Bank 
(The University of Iowa, Iowa City, IA).  PSD-95 monoclonal antibody was from 
Chemicon (Temecula, CA).  GFP polyclonal antibody was from Invitrogen (Carlsbad, 
CA). β-Actin AC-15 monoclonal antibody, α-tubulin DM 1A monoclonal antibody, and 
phalloidin-TRITC were from Sigma (St. Louis, MO). N-WASP (1:50) polyclonal 
antibody was a generous gift from Marc Kirschner (Harvard, Boston, MA).  Arp3 
antibody (1:100) was previously described (Yarar et al., 1999).  Cdc42 monoclonal 
antibody (B-8) was from Santa Cruz Biotechnology (Santa Cruz, CA).  Alexa Fluor® 
488 and 555 anti-mouse, Alexa Fluor® 488 and 555 anti-rabbit for 
immunohistochemistry, Alexa Fluor® 680 anti-rabbit for western blotting, and FM4-64 
FX were from Molecular Probes (Eugene, OR).  IRDye® 800 anti-mouse for western 
blotting was from Rockland Immunochemicals (Gilbertsville, PA).  Wiskostatin was 
purchased from Calbiochem (San Diego, CA). 
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Plasmids 
 Small interfering RNA (RNAi) constructs were prepared by ligating annealed 
sense and antisense 64mer-oligonucleotides into pSUPER vector as previously described 
(Zhang and Macara, 2008).  The RNAi oligos contained the following 19 nucleotide 
target sequences: N-WASP RNAi, 5’-GACGAGATGCTCCAAATGG-3’; Arp3 RNAi, 
5’AGGTTTATGGAGCAAGTGA-3’; Cdc42 RNAi, 5’-GGGCAAGAGGATTATG-
ACA-3’; and scrambled RNAi 5’-CAGTCGCGTTTGCGACTGG-3’.  The scrambled 
RNAi target sequence, which had been previously described (Saito et al., 2007), was used 
as a control.  Full-length GFP-N-WASP and GFP-N-WASP-ΔWA, -WA, and -ΔWH1 
were generous gifts from Michael Way (Lincoln’s Inn Fields Laboratories, London, UK).  
GFP tagged bovine N-WASP was a generous gift from John Condeelis (Albert Einstein, 
Bronx, NY).  GFP-Arp3 has been previously described (Welch et al., 1997b).  Myc-
tagged WAVE1 was kindly provided by Hiroaki Miki and Tadaomi Takenawa (Univ. of 
Tokyo, Japan).  Myc-tagged dominant negative Cdc42 (Cdc42-N17) was a generous gift 
from Alan Hall (Memorial Sloan-Kettering, New York, NY). 
 
Cell Culture and Transfection 
Hippocampal low density cultures were prepared as previously described (Goslin et 
al., 1998).  Neurons were plated at a density of 70,000 cells/mm2 and transfected by a 
modified calcium phosphate method (Zhang et al., 2003).  HEK-293T cells (ATCC, 
Manassas, VA) were cultured in DMEM (Invitrogen, Carlsbad, CA), supplemented with 
10% fetal bovine serum (FBS) and penicillin/streptomycin.  HEK cells were transfected 
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. 
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Immunohistochemistry and Image Analysis 
For most antibodies, neurons were fixed with 4% PFA/4% glucose in phosphate-
buffered saline (PBS) for 15 min.  Coverslips were then permeabilized with 0.2% Triton 
X-100 for 5 min and washed 3 times with PBS.  For PSD-95 staining, neurons were fixed 
for 3 min with PFA solution and then permeabilized for 10 min in cold methanol at -20º 
C.  Coverslips were then blocked for 1 hour with 20% goat serum in PBS. Antibodies 
were diluted in 5% goat serum in PBS and incubated at the indicated dilutions for 1 h 
followed by 3 washes with PBS.  Coverslips were mounted with Aqua Poly/Mount 
(Polysciences, Inc., Warrington, PA). 
 Neurons were imaged with a Retiga EXi CCD camera (QImaging, Surrey, BC) 
attached to an Olympus IX71 inverted microscope (Melville, NY) with a 60X objective 
(Olympus, numerical aperture 1.45).  Image acquisition was controlled by MetaMorph 
software (Molecular Devices, Sunnyvale, CA) interfaced with a Lambda 10-2 automated 
controller (Sutter Instruments, Novato, CA).  For EGFP and Alexa Fluor® 488, an 
Endow GFP Bandpass filter cube (excitation HQ470/40, emission HQ525/50, Q495LP 
dichroic mirror) (Chroma, Brattleboro, VT) was used.  Rhodamine and Alexa Fluor® 555 
were imaged with a TRITC/Cy3 cube (excitation HQ545/30, emission HQ610/75, 
Q570LP dichroic mirror). 
 
FM4-64 Loading and Destaining  
Day 12 neurons were incubated with 0.5 μM FM4-64 FX in high K+ solution 
containing 72 mM NaCl, 50 mM KCl, 1mM NaH2PO4, 26 mM NaHCO3, 1.8 mM CaCl2, 
0.8 mM MgSO4, 11 mM D-glucose and 20 mM HEPES, pH 7.35 for 3 min.  Neurons 
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were then washed 3 times with calcium free solution, fixed with 4% PFA/4% glucose for 
15 min, and visualized by fluorescence microscopy. 
 
Results 
 
N-WASP is Enriched in Excitatory Synapses in Hippocampal Neurons 
The expression of N-WASP has been shown to increase dramatically in the rat 
hippocampus during the first several weeks after birth (Tsuchiya et al., 2006), a time 
when dendritic spines and synapses are developing.  This led us to hypothesize that this 
molecule plays an important role in spine and synapse formation.  To begin to test our 
hypothesis, we examined the subcellular localization of N-WASP in hippocampal 
neurons by immunostaining low density cultures with N-WASP antibody along with a 
pre- and a post-synaptic marker.  Endogenous N-WASP accumulated in puncta along 
neuronal processes with the synaptic vesicle protein SV2, and the postsynaptic density 
protein PSD-95, a marker for excitatory glutamatergic synapses (Figure 6, arrows).  Since 
it is difficult to determine from the lower magnification images whether N-WASP puncta 
were completely merged or were in close apposition to the synaptic markers, higher 
magnification images were generated.  As shown in the higher magnification images, N-
WASP puncta were in close apposition to the presynaptic marker, SV2, suggesting it was 
in postsynaptic terminals (Figure 6).  Consistent with this, N-WASP puncta almost 
completely merged with the postsynaptic marker PSD-95 (Figure 6), indicating that N-
WASP localizes to the postsynaptic side of excitatory synapses.  Although most N- 
WASP localized to excitatory synapses, a fraction of N-WASP puncta was negative for 
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Figure 6. Endogenous N-WASP localizes to spines and synapses in hippocampal 
neurons. 
 
Hippocampal neurons at day 12 in culture were co-immunostained for endogenous 
N-WASP and the presynaptic marker SV2 (upper panels) or the postsynaptic marker 
PSD-95 (lower panels). Endogenous N-WASP accumulated in puncta along neuronal 
processes with the synaptic markers (overlays, right panels, arrows). Bar = 2 μm. High 
magnification images showed that N-WASP puncta were in close apposition to SV2 and 
completely merged with PSD-95, indicating N-WASP is enriched in the postsynaptic side 
of excitatory synapses. Bar = 0.4 μm. PSD-95. 
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PSD-95.  These puncta might represent N-WASP protein complexes that have been 
previously described in non-neuronal cells (Takenawa and Suetsugu, 2007). 
 The localization of N-WASP to synapses was confirmed by transfecting neurons 
with GFP-tagged N-WASP.  The GFP tag was previously shown to have no effect on N-
WASP localization (Moreau et al., 2000).  Like endogenous N-WASP, GFP-N-WASP 
co-localized in clusters with PSD-95 and was in close apposition to SV2 clusters (Figure 
7, arrows), confirming that N-WASP is enriched in the postsynaptic terminal of 
excitatory synapses.  However, in both cases, some of the synapses lacked N-WASP, 
which led us to quantify the number of SV2 and PSD-95 synapses that contained N-
WASP puncta.  Approximately 55% of the SV2 clusters and about 66% of the PSD-95 
clusters contained N-WASP (Figure 7), indicating that N-WASP is present in a majority 
of the excitatory synapses.  Similar results were obtained with GFP-N-WASP.  This 
raised the question as to whether the N-WASP containing synapses were activity-
dependent, functional synapses. 
 FM4-64 is a member of a family of styryl dyes which can be used as fluorescent 
probes to visualize active synapses (Betz and Bewick, 1992; Betz et al., 1996).  These 
dyes exhibit prominent fluorescence upon insertion of their hydrophobic tails into a lipid 
bilayer, but can easily be washed out due to their inability to cross bilayers (Cochilla et 
al., 1999).  When a cell surface is exposed to an FM dye and then washed with a dye-free 
solution, only membranes that are no longer surface exposed retain the fluorescent dye 
(Cochilla et al., 1999).  Thus, the activity-dependent uptake of FM dyes into synaptic 
vesicles provides a useful marker for functional synapses in cultured neurons (Betz et al., 
1992; Ryan et al., 1993).  To determine whether N-WASP containing synapses were  
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Figure 7. GFP-N-WASP localizes to spines and synapses in hippocampal neurons. 
 
Hippocampal neurons were transfected with GFP-N-WASP at day 5 in culture and fixed 
and immunostained for SV2 (upper panels) and PSD-95 (lower panels) at day 12 culture. 
Like endogenous N-WASP, GFP-N-WASP localized in puncta with the synaptic markers 
SV2 and PSD-95, (arrows). Bar = 2 μm. High magnification images (right panels) 
showed that N-WASP puncta were in close apposition to SV2 and completely merged 
with PSD-95, indicating N-WASP is enriched in the postsynaptic terminal of excitatory 
synapses. Bar = 0.4 μm. 
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Figure 8. N-WASP localizes to a majority of synapses in hippocampal neurons. 
 
Quantification of the percentage of SV2 and PSD-95 synapses that contain N-WASP. 
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functional, neurons expressing GFP-N-WASP were labeled with FM4-64.  Day 12 
neurons were incubated with 0.5 μM FM4-64 in high K+ solution for 3 minutes and then 
washed 3 times with calcium free solution.  As expected, FM4-64 puncta, which 
represented functional synapses, was observed along the dendrites (Figure 9).  However, 
when neurons were incubated with the dye in a buffer lacking K+, FM4-64 puncta were 
not observed, indicating that FM4-64 uptake is dependent on depolarization.  As shown 
in Figure 9, N-WASP puncta localized with FM4-64.  Quantification of these results 
showed that 85.0 ± 3.5% of the FM4-64 labeled synapses contained N-WASP, 
demonstrating that most of the active synapses had N-WASP.  Thus, our results indicate 
N-WASP is present in the postsynaptic side of active, functional excitatory synapses that 
could undergo changes in morphology mediated by reorganization of the actin 
cytoskeleton. 
 
N-WASP Regulates Dendritic Spine Morphology and the Formation of Excitatory 
Synapses 
 
To examine the function of N-WASP in the neurons, we treated cultures with a 
specific inhibitor of N-WASP, wiskostatin, and determined the density of synapses and 
spines by staining with SV2 and phalloidin, respectively.  Wiskostatin stabilizes the 
autoinhibited form of the protein so that the C-terminal VCA domains are not available to 
bind G-actin and the Arp2/3 complex to initiate new actin filaments (Peterson et al., 
2004).  When neurons were treated with wiskostatin at day 7, and fixed and 
immunostained at day 12, a dose dependent decrease in the number of spines and 
synapses was observed (Figure 10).  Wiskostatin did not adversely affect the health of the 
neurons since they were observed to develop normally, and no detectable effects on the 
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Figure 9. N-WASP localizes to functional synapses in hippocampal neurons. 
 
Hippocampal neurons were transfected with GFP-N-WASP at day 5 in culture. At day 12 
in culture, neurons were incubated with FM4-64 dye (0.5 μM) in high K+ solution for 3 
minutes, washed, fixed, and viewed in fluorescence. FM4-64, which labels presynaptic 
terminals of active synapses, was in close apposition to N-WASP puncta (overlay, right 
panel, arrows, high magnification image), indicating that N-WASP containing synapses 
are functional.  Bar = 2 μm. For the high magnification image, Bar = 0.4 μm. 
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FIGURE 10. Inhibition of N-WASP activity by wiskostatin decreases spines and 
synapses. 
 
Hippocampal neurons were treated with either DMSO (Control) or an N-WASP specific 
inhibitor, wiskostatin (2 or 5 μM), at day 7 in culture. At day 12 in culture, neurons were 
fixed and stained for SV2 (Green) and actin using rhodamine-conjugated phalloidin 
(Red). Bar = 10 μm.  Enlargements of dendrites are shown below the panels. Bar = 2 μm. 
A dose dependent decrease in the number of SV2 clusters and dendritic spines was 
observed. Differences between control-2 μM, control-5 μM, and 2-5 μM were 
statistically significant as determined by Student’s t test (* and **, P < 0.0001). For each 
condition, at least 40 dendrites from at least 20 neurons were analyzed. Error bars 
represent SEM from at least three separate experiments. 
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FIGURE 11. Inhibition of N-WASP activity by wiskostatin has no effect on 
inhibitory synapses. 
 
Hippocampal neurons were treated with either DMSO (Control) or an N-WASP specific 
inhibitor, wiskostatin (5 μM), at day 7 in culture. At day 12 in culture, neurons were 
fixed and stained for PSD-95. Bar = 10 μm. Wiskostatin did not significantly affect the 
number of inhibitory synapses as shown by immunostaining for GAD-6. For each 
condition, at least 40 dendrites from at least 20 neurons were analyzed. Error bars 
represent SEM from at least three separate experiments. 
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Figure 12. Inhibition of N-WASP activity by wiskostatin decreases excitatory 
synapses. 
 
Hippocampal neurons were treated with either DMSO (Control) or an N-WASP specific 
inhibitor, wiskostatin (5 μM), at day 7 in culture. At day 12 in culture, neurons were 
fixed and stained for PSD-95. Bar = 10 μm. A significant decrease in the number of 
excitatory synapses (** P < 0.0001), as shown by a reduction in the density of PSD-95 
clusters, was observed with 5 μM wiskostatin treatment.. For each condition, at least 40 
dendrites from at least 20 neurons were analyzed. Error bars represent SEM from at least 
three separate experiments. 
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growth of axons or dendrites were seen at any of the wiskostatin concentrations used. 
 Interestingly, we noticed that at the highest concentration of wiskostatin (5 μM) 
many of the remaining synapses were concentrated around the neuronal cell bodies.  It 
has previously been reported that inhibitory GABAergic synapses are most dense around 
the cell body and form directly on the dendrite or cell soma surface without a spine 
(Craig et al., 1994), which led us to look further at the type of synapses that were 
regulated by N-WASP activity.  To examine the effect of wiskostatin treatment on 
inhibitory synapses, we used a GAD-6 antibody to assess the density of GABAergic 
synapses.  There was no significant difference in the number of inhibitory synapses with 
wiskostatin treatment (Figure 11), indicating that N-WASP activation is not necessary for 
the formation of these synapses.  By contrast, wiskostatin treatment had a significant 
effect on the synaptic density of excitatory glutamatergic synapses as the number of PSD-
95 puncta was decreased by more than 50% (Figure 12).  Since excitatory synapses can 
form on dendritic spines or on the dendritic shaft, we assessed the effects of wiskostatin 
treatment on each of these types of excitatory synapses.  Wiskostatin treatment decreased 
the number of excitatory synapses that formed on spines by almost 90% (20.4 ± 1.7 in 
controls vs. 2.3 ± 0.6 in wiskostatin treated), but had no significant effect on shaft 
synapses (20.2 ± 1.7 in controls vs. 19.6 ± 1.6 in wiskostatin treated).  In these 
experiments, neurons were treated for 5 days with wiskostatin to ensure that N-WASP 
activity was inhibited during a critical time when many spines and synapses form.  
However, treatment of the neurons for a shorter period of time also resulted in a 
significant decrease in the number of spines and synapses.  We added 5 μm wiskostatin 
to the neuronal cultures at day 7, washed out the wiskostatin at day 8, and stained for 
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PSD-95 and phalloidin at day 12.  This one day wiskostatin treatment caused a 51% 
decrease in the number of spines (17.9 ± 1.0 in controls vs. 8.7 ± 0.6 in wiskostatin 
treated) and a 30% reduction in the number of synapses (37.5 ± 1.8 in controls vs. 26.2 ± 
1.7 in wiskostatin treated).  Taken together, our results suggest that activation of N-
WASP is important for the regulation of spine morphogenesis and the formation of 
excitatory glutamatergic synapses. 
 We generated an RNAi construct to knockdown expression of endogenous N-
WASP to further explore the role of N-WASP in dendritic spine and synapse formation.  
The RNAi sequence had been previously shown to be specific for N-WASP and to almost 
completely knock down expression of the protein (Kawamura et al., 2004; Kempiak et 
al., 2005; Yamaguchi et al., 2005).  However, we confirmed the ability of the RNAi 
construct to specifically knock down rat N-WASP expression by transiently transfecting 
it into HEK-293T cells along with GFP-tagged rat N-WASP or WAVE1.  As determined 
by immunoblot analysis, the N-WASP RNAi construct decreased expression of N-WASP 
by greater than 85% compared to empty pSUPER vector (Figure 13, left panels).  In 
contrast, a scrambled RNAi control had no effect on expression of N-WASP (Figure 13, 
right panels).  The N-WASP RNAi construct did not affect expression of WAVE1, 
another WASP family member, indicating its specificity for N-WASP (Figure 13, middle 
panels).  The RNAi construct was similarly effective in decreasing expression of N-
WASP in the neurons.  Transfection of neurons with N-WASP RNAi resulted in an 87.2 
± 4.8% decrease in N-WASP expression compared with control cultures.  When neurons 
were transfected with the N-WASP RNAi construct at day 6 and fixed and stained for 
SV2 and PSD-95 at day 12, a significant decrease in the number of dendritic spines and 
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Figure 13. Specific knockdown of N-WASP in HEK-293 cells. 
 
HEK-293T cells were co-transfected with N-WASP RNAi or empty pSUPER vector and 
either GFP-N-WASP or myc-WAVE1. For a nonsilencing control, a scrambled RNAi 
construct was prepared and tested by co-transfection with GFP-N-WASP into HEK-293T 
cells. The lysates were blotted for GFP and β-actin or myc and α-tubulin. The N-WASP 
RNAi construct specifically decreased N-WASP expression by 85% (left panels), but did 
not alter expression of WAVE1 (middle panels), another WASP family member. The 
scrambled RNAi construct did not affect expression of N-WASP (right panels). 
Quantification of blots from three separate experiments is shown (lower panels). 
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Figure 14. Knockdown of endogenous N-WASP affects spines and synapses in 
hippocampal neurons. 
 
A, hippocampal neurons were co-transfected with GFP and either empty pSUPER vector, 
scrambled RNAi, or the N-WASP RNAi construct at day 6 in culture, fixed at day 12 in 
culture, and stained for the synaptic markers SV2 (middle panels and overlay) and PSD-
95 (right panels). A significant decrease in the number of spines and synapses was 
observed in neurons expressing N-WASP RNAi compared with either scrambled RNAi 
or pSUPER controls. Bar = 2 μM. B, quantification of the number of spines and synapses 
(SV2 and PSD-95 clusters) in neurons transfected with empty pSUPER vector, N-WASP 
RNAi, or scrambled RNAi is shown (** P value < 0.0001). The N-WASP RNAi 
mediated defects on spines and synapses was rescued by expression of bovine N-WASP 
(Bovine Rescue). For each condition, at least 40 dendrites from at least 20 neurons from 
three different cultures were analyzed. Error bars represent SEM from at least three 
separate experiments. 
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synapses was observed compared with cells expressing a scrambled RNAi construct or 
empty pSUPER vector (Figure 14 A and B).  To further show that the effects of N-WASP 
RNAi were specifically attributable to the loss of N-WASP, rescue experiments were 
performed in which bovine N-WASP was co-expressed with N-WASP RNAi.  The rat N-
WASP RNAi target sequence does not significantly affect expression of bovine N-WASP 
due to several nucleotide mismatches (Yamaguchi et al., 2005). Expression of bovine N-
WASP almost completely rescued the N-WASP RNAi-mediated defect in spine and 
synapse formation (Figure. 14B).  These results suggest that the defect is due to the loss 
of endogenous N-WASP and point to an important role for N-WASP in spine and 
synapse formation. 
 
The Actin and Arp2/3 Binding Domains of N-WASP are Critical for its Function in 
Regulating Spine and Synapse Formation 
 
We next used several deletion constructs of N-WASP to determine the domains of 
the protein necessary for spine and synapse formation.  For these experiments, the 
synaptic density was determined by staining for both SV2 and PSD-95, and the number 
of spines was assessed by GFP fluorescence as well as staining with phalloidin.  
Phalloidin, which binds F-actin and is commonly used to visualize dendritic spines 
(Allison et al., 1998; Fischer et al., 1998), was used to assess spine density, since it is 
possible that the GFP tagged fragments of N-WASP differentially localize to spines.  
Interestingly, similar results for the spine density were observed with both methods. 
  The C-terminus of N-WASP is composed of two verprolin homology (V) domains, 
which bind G-actin, a central (C) domain, and an acidic (A) region that binds the Arp2/3 
complex (Figure15) (Machesky et al., 1999; Rohatgi et al., 1999).  The VCA region of N-
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WASP, which we refer to as “WA”, is sufficient to stimulate the nucleation of new actin 
filaments by the Arp2/3 complex (Machesky et al., 1999; Rohatgi et al., 1999).  
Expression of GFP-N-WASP caused a small but significant increase in the density of 
dendritic spines and synapses compared to GFP alone (Figure 16 A and B).  Expression 
of N-WASP lacking the C-terminal VCA region (ΔWA) significantly decreased the 
number of spines and synapses compared to control neurons expressing GFP, but 
protrusions were still observed along the dendrites of N-WASP-ΔWA-expressing neurons 
(Figure 16A and B).  Protrusions were defined as extensions from the dendrites without 
associated synapses while dendritic spines were in contact with presynaptic terminals.  In 
contrast, expression of N-WASP lacking the N-terminal WH1 region (ΔWH1) did not 
significantly affect the density of spines or synapses as compared to controls (Figure 16A 
and B).  These results suggest that activation of the Arp2/3 complex by N-WASP 
promotes spine and synapse formation in the neurons and could be a mechanism by 
which dendritic spine heads enlarge and subsequently mature.  
To further explore the function of the WA region in spine and synapse formation, we 
transfected neurons with a construct encoding the C-terminal region (WA) of N-WASP.  
Expression of the WA region resulted in a slight decrease in the density of spines and 
synapses.  In neurons expressing the WA region, a 14% decrease in the number of spines 
as determined by staining with phalloidin, and a 25% reduction in the synaptic density 
(PSD-95 clusters) was observed when compared with cells expressing GFP alone (Figure 
16A and B).  However, significantly more spines and synapses were observed in neurons 
expressing the WA region than with cells expressing truncated N-WASP that lacked the 
C-terminal WA region, suggesting that the WA region of N-WASP is critical for its  
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Figure 15. Domain Structure of N-WASP. 
 
Domain structure of N-WASP. Pleckstrin homology (PH), calmodulin binding (IQ), basic 
(B), Cdc42/Ras interactive binding (CRIB), verprolin homology (V), central (C), and 
acidic (A) domains are shown. 
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Figure 16. N-WASP binding to actin and the Arp2/3 complex is important for 
dendritic spine and synapse formation. 
 
A, hippocampal neurons were transfected with GFP, GFP-N-WASP, GFP-N-WASP-
ΔWA, GFP-N-WASP-WA, and GFP-N-WASP-ΔWH1 at day 5 in culture, fixed, and 
immunostained for SV2, PSD-95, and actin (phalloidin) at day 12 in culture. Expression 
of N-WASP slightly increased the density of spines and synapses, while deletion of the 
C-terminal WA region from N-WASP significantly decreased the number of spines and 
synapses. Bar = 2 μm. B, quantification of SV2 and PSD-95 clusters and dendritic spines 
using GFP fluorescence and by staining for actin (phalloidin) from transfected neurons is 
shown. Asterisks denote statistically significant differences when compared to control 
GFP expression neurons (* P <0.025, ** P < 0.0001). For each condition, at least 40 
dendrites from at least 20 neurons from three different cultures were analyzed. Error bars 
represent SEM from at least three separate experiments. 
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function in spine and synapse formation.  Taken together, our results strongly suggest 
that activation of the Arp2/3 complex by N-WASP is critical for the formation of 
dendritic spines and synapses. 
 
Cdc42 Plays a Role in the Development of Dendritic Spines and Synapses 
Since the Rho family GTPase Cdc42 is a known activator of N-WASP (Symons et 
al., 1996), we explored its function in regulating spine and synapse formation by 
preparing an RNAi construct to knock down expression of Cdc42 in neurons.  We tested 
the ability of the Cdc42 RNAi construct to knock down expression of the endogenous 
protein by transfecting it into Rat2 fibroblasts.  Immunoblot analysis showed that the 
RNAi construct decreased expression of Cdc42 by greater than 75% compared to control 
pSUPER vector (Figure 17, left panels).  By contrast, a scrambled RNAi construct did 
not significantly affect expression of Cdc42 (Figure 17, right panels).  When neurons 
were transfected with the Cdc42 RNAi construct, a significant decrease in the number of 
spines and synapses was observed compared to cells transfected with a scrambled RNAi 
construct or empty pSUPER vector (Figure 18A and B).  A similar decrease in the 
density of spines and synapses was seen in neurons expressing dominant negative Cdc42 
(DN-Cdc42) (Figure 18A and B).  The Cdc42 RNAi-mediated defect in spine and 
synapse formation could be rescued, at least partially, by expression of the WA region of 
N-WASP, linking Cdc42 to N-WASP activation in the development of spines and 
synapses (Figure 18A and B).  
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Figure 17. Knockdown of endogenous Cdc42 in Rat2 Fibroblasts. 
 
Α, Rat2 fibroblasts were co-transfected with GFP and either Cdc42 RNAi, scrambled 
RNAi, or empty pSUPER vector. The lysates were blotted for Cdc42 and actin as a 
loading control. Expression of the Cdc42 RNAi construct decreased endogenous levels of 
Cdc42 by greater than 75% (left panels) while the scrambled RNAi construct did not 
affect Cdc42 expression (right panels). Quantification of blots from three separate 
experiments is shown (lower panels). 
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Figure 18. Cdc42 plays a role in the development of dendritic spines and synapses. 
 
Α, hippocampal neurons were co-transfected with GFP and either empty pSUPER vector, 
scrambled RNAi, Cdc42 RNAi, or dominant negative Cdc42 (DN-Cdc42) and stained for 
the synaptic markers SV2 (middle panels) and PSD-95 (right panels). A significant 
decrease in the density of spines and synapses was observed in neurons expressing Cdc42 
RNAi compared with either scrambled RNAi or pSUPER controls. A similar defect in the 
formation of spines and synapses was seen in neurons expressing dominant negative 
Cdc42. When neurons were co-transfected with Cdc42 RNAi and a GFP tagged WA 
construct, the defects on spines and synapses associated with knockdown of Cdc42 were 
partially reversed by expression of the WA region of N-WASP. Bar = 2 μM. B, 
quantification of the number of spines and synapses (SV2 and PSD-95 clusters) in 
neurons transfected with empty pSUPER vector, scrambled RNAi, Cdc42 RNAi, DN-
Cdc42, or Cdc42 RNAi + GFP-WA is shown. Differences between control-Cdc42 RNAi, 
control-DN-Cdc42 (** P value < 0.0001) and Cdc42 RNAi-Cdc42RNAi + GFP-WA (* P 
value < 0.0001) were statistically significant. For each condition, at least 40 dendrites 
from at least 15 neurons from three different cultures were analyzed. Error bars represent 
SEM from at least three separate experiments. 
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Arp3 Regulates the Formation of Spines and Synapses in Hippocampal Neurons 
Since our results strongly implicated the Arp2/3 complex as a downstream effector 
of N-WASP in spine and synapse formation, we examined its subcellular localization in 
hippocampal neurons.  GFP- tagged Arp3, one of the seven proteins found in the Arp2/3 
complex, localized in puncta along neuronal processes with the synaptic markers SV2 
and PSD-95, suggesting that it was synaptic (Figure 19, arrows).  A similar localization 
was observed by immunostaining for endogenous Arp3 and SV2 (Figure 19).  Higher 
magnification images showed that Arp3 puncta were in close apposition to SV2 clusters 
and completely merged with PSD-95 puncta, indicating that Arp3, like N-WASP, is 
enriched on the postsynaptic side of excitatory synapses (Figure 19). 
 Since Arp3 localized to spines and excitatory synapses, we generated an RNAi 
construct to examine its function in regulating the formation of these structures.  
Although the RNAi sequence had been previously shown to effectively knock down 
expression of Arp3 (Steffen et al., 2006), we tested its ability to knock down rat Arp3 by 
transfecting it into HEK-293T cells with GFP-tagged Arp3.  The Arp3 RNAi construct 
decreased expression of Arp3 by almost 80% while a scrambled RNAi control did not 
affect Arp3 expression (Figure 20).  When neurons were transfected with the Arp3 RNAi 
construct, a significant decrease in the number of spines and synapses was observed 
compared with control cultures expressing scrambled RNAi or empty pSUPER vector 
(Figure. 21).  The decrease in the density of spines and synapses in neurons expressing 
the Arp3 RNAi construct was similar to that observed when N-WASP expression was 
knocked down in these cells.  Thus, our results suggest that N-WASP and the Arp2/3 
complex are important regulators in the formation of dendritic spines and synapses. 
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Figure 19. Endogenous and GFP-Arp3 localizes to spines and synapses in 
hippocampal neurons . 
 
Hippocampal neurons at day 14 in culture were co-immunostained for endogenous Arp3 
(upper panels) and the synaptic marker SV2. Endogenous Arp3 accumulated in puncta 
with SV2 (overlay, arrows). Hippocampal neurons were transfected with GFP-Arp3 at 
day 5 in culture, fixed, and immunostained for SV2 (middle panels) and PSD-95 (lower 
panels) at day 12 in culture. GFP-Arp3 localized in puncta along neuronal processes with 
SV2 and PSD-95 (overlays, arrows). Bar = 2 μm. High magnification images showed 
Arp3 puncta were in close apposition to SV2 and completely merged with PSD-95, 
indicating that Arp3 is enriched in the postsynaptic side of excitatory synapses. Bar = 0.4 
μm. 
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Figure 20. Knockdown of Arp3 in HEK-293 cells . 
 
HEK-293T cells were co-transfected with Arp3 RNAi, scrambled RNAi, or empty 
pSUPER vector and GFP-Arp3. The lysates were blotted for GFP and α-tubulin. The 
Arp3 RNAi construct decreased expression of Arp3 by almost 80% (left panels) while the 
scrambled RNAi did not alter Arp3 expression (right panels). Quantification of blots 
from three separate experiments is shown (lower panels).  
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Figure 21. The Arp2/3 complex regulates the formation of dendritic spines and 
synapses in hippocampal neurons.  
 
A, hippocampal neurons were co-transfected with GFP and either empty pSUPER vector, 
scrambled RNAi, or the Arp3 RNAi construct at day 6 in culture, fixed at day 12, and 
stained for the synaptic markers SV2 (middle panels) and PSD-95 (right panels). A 
significant decrease in the density of spines and synapses was observed in neurons 
expressing Arp3 RNAi compared with either scrambled RNAi or pSUPER controls. Bar 
= 2 μM. B, quantification of the number of spines and synapses (SV2 and PSD-95 
clusters) in neurons transfected with empty pSUPER vector, scrambled RNAi, or Arp3 
RNAi is shown (** P value < 0.0001). For each condition, at least 40 dendrites from at 
least 15 neurons from three different cultures were analyzed. Error bars represent SEM 
from at least three separate experiments. 
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Discussion 
 Our results reveal a novel mechanism by which N-WASP activation of the Arp2/3 
complex regulates the formation of dendritic spines and synapses in hippocampal 
neurons.  N-WASP is enriched in spines and excitatory synapses that are active and 
functional as determined by loading with FM4-64 dye.  Knockdown of endogenous N-
WASP resulted in a significant decrease in the density of spines and synapses.  The C-
terminal region of the protein, which binds and activates the Arp2/3 complex, is critical 
for this function of N-WASP.  Knockdown of Arp3, an important protein in the Arp2/3 
complex, caused a similar defect in the formation of spines and synapses, pointing to the 
significance of activation of the Arp2/3 complex in this process.  An activator of N-
WASP, Cdc42, is also involved in regulating spine and synapse formation.  Knockdown 
of Cdc42 expression resulted in a significant decrease in the number of spines and 
synapses and expression of the WA region of N-WASP rescued the Cdc42-mediated 
defect in spine and synapse formation, suggesting that activation of N-WASP by Cdc42 
is important in this process.  Thus, our study provides a molecular mechanism by which 
N-WASP and an activator and effector regulate the development of dendritic spines and 
synapses. 
 The function of Cdc42 in regulating the development of spines and synapses is 
presently unclear.  Recent studies have indicated a role for Cdc42 in dendritic 
morphogenesis in Drosophila and learning-related synaptic growth in Aplysia sensory 
neurons (Scott et al., 2003; Udo et al., 2005).   In addition, activation of Cdc42 is 
proposed to be an important event in converting nonfunctional contacts into functional 
synapses (Shen et al., 2006).  However, others have suggested that Cdc42 does not have a 
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significant effect on the maintenance of dendritic spine morphology in hippocampal 
neurons (Govek et al., 2004; Tashiro et al., 2000).  Our results are consistent with Cdc42 
regulating the formation of dendritic spines and synapses.  The previous studies in 
hippocampal neurons relied on expression of constitutively active and dominant negative 
Cdc42 mutants after many spines and synapses had formed (day 10-12 in culture) while 
our study used RNAi to specifically knock down Cdc42 expression during a time when 
many spines and synapses are actively forming (day 5-6 in culture).  It may be difficult to 
see a dramatic effect of Cdc42 on spines and synapses after a significant number of the 
spines and synapses have already formed. 
 Our results show that the spine and synaptic density in the WA-expressing neurons 
was slightly decreased compared with neurons expressing full-length N-WASP.  It was 
previously reported that the WA region alone is much more potent in stimulating actin 
polymerization by the Arp2/3 complex than full length N-WASP (Rohatgi et al., 1999).  
Delocalized reorganization of actin may limit the amount of G-actin and Arp2/3 complex 
available for actin assembly at synaptic sites, which could diminish the ability of spines 
to stabilize and mature.  Consistent with this, aberrant actin reorganization has been 
reported to result in a decrease in the density of spines and synapses in neurons (Zhang et 
al., 2003; Zhang et al., 2005). 
 Aside from regulating actin polymerization for the control of cell morphology, N-
WASP has also been linked to several steps in vesicular trafficking including clathrin-
mediated endocytosis, golgi trafficking, and synaptic vesicle endocytosis in neurons 
(Matas et al., 2004; Merrifield et al., 2004; Shin et al., 2007).  The actin polymerization 
mediated by N-WASP and the Arp2/3 complex is thought to drive movement of vesicles.  
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It is possible that N-WASP plays a dual role in regulating spine and synapse formation 
through both the underlying actin cytoskeleton as well as through neuronal vesicle 
trafficking.  Further studies will be required to determine the role of N-WASP mediated 
trafficking in the formation and morphology changes of dendritic spines. 
 The process of spine formation has received a great deal of interest because of the 
importance of these structures in cognitive function, but the molecular mechanisms that 
regulate spine formation still remain poorly understood.  Our results suggest that 
activation of the Arp2/3 complex by N-WASP is critical for the formation of dendritic 
spines and synapses.  This raises the question of how the Arp2/3 complex functions in 
spine and synapse formation.  While the exact steps in spinogenesis are not clear, it 
appears that spines can either form from dendritic protrusions or extend directly from the 
dendritic shaft (Dailey and Smith, 1996; Ethell and Pasquale, 2005; Fiala et al., 1998; 
Marrs et al., 2001; Ziv and Smith, 1996).  In both cases, the spine head enlarges or 
expands as the spine matures and the Arp2/3 complex mediated branching of actin may 
play an important role in this process.  When activation of the Arp2/3 complex by N-
WASP is inhibited, the formation of dendritic spines is impaired.  Activation of the 
Arp2/3 complex may form a branched actin network that promotes and supports the 
enlargement and maturation of the spine head.  This branched actin network may also be 
important for the morphological changes in spines associated with synaptic plasticity.  
Future studies are needed to better understand the complex regulation of actin and its 
contribution to the formation and plasticity of spines and synapses. 
 In summary, we show that activation of N-WASP regulates the formation of 
dendritic spines and synapses through the Arp2/3 complex.  The activation of the Arp2/3 
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complex could stimulate spine development by forming a branched actin network that 
promotes the enlargement of spine heads, which subsequently lead to their maturation. 
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CHAPTER IV 
 
WAVE1 IN SPINE AND SYNAPSE FORMATION 
 
Introduction 
 WAVE1, 2, and 3 have all been implicated in the development of overall neuronal 
morphology as well as the formation of spines and synapses. Expression of WAVE1 and 
3 is restricted to the brain, while WAVE2 is expressed ubiquitously (Nagase et al., 1996; 
Suetsugu et al., 1999). Initial studies carried out in the neuroblastoma NG108 cell line 
showed differential distribution of the three WAVEs in the neuronal growth cone, 
suggesting that they may all potentially play a role in neurite outgrowth. WAVE1 
localized to the leading edge but not filopodia, while WAVE2 & 3 continuously localized 
to the tips of filopodia and the initiation sites of microspikes (Nozumi et al., 2003). The 
WHD/SHD domains were required for their localization. 
 Although WAVE1 is primarily expressed in the brain (Nagase et al., 1996), its 
function in the nervous system is not completely understood.  In this study, we show that 
WAVE1 is essential for the formation of dendritic spines and synapses in hippocampal 
neurons.  This activity of WAVE1 is dependent on its C-terminal binding and activation 
of the Arp2/3 complex.  Inhibition of Arp2/3 binding to WAVE1 resulted in a significant 
reduction in the density of spines and synapses, pointing to a critical role for WAVE1 
acting through the Arp2/3 complex in the development of dendritic spines and synapses 
in the CNS. 
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Experimental Procedures 
Reagents 
SV2 (1:250) monoclonal antibody was from the Developmental Studies Hybridoma 
Bank (The University of Iowa, Iowa City, IA).  Alexa Fluor® 555 anti-mouse for 
immunohistochemistry was from Molecular Probes (Eugene, OR). 
 
Plasmids 
 The small interfering RNA (RNAi) construct was prepared by ligating annealed 
sense and antisense 64mer-oligonucleotides into pSUPER vector as previously described 
(Zhang and Macara, 2008).  The WAVE1 RNAi oligo contained the following 19 
nucleotide target sequence: 5’-AGAAGAACTGTCCTTACAA-3’. GFP-WAVE1-ΔWA, 
-ΔA, and -WA were generous gifts from Timothy Vartanian (Beth Israel Deaconess 
Medical Center, Boston, MA). 
 
Results 
Since our results with the N-WASP deletion mutants suggested that the Arp2/3 
complex plays an important role in spine and synapse formation, we examined another 
WASP family member, WAVE1, which signals through the Arp2/3 complex.  We 
expressed C-terminal deletion mutants of WAVE1, as well as the full length protein, to 
further examine the function of Arp2/3 complex in spine and synapse formation in the 
neurons.  Expression of full length WAVE1 resulted in a slight increase in the number of 
spines and synapses (Figure 22).  In contrast, WAVE1-ΔWA, similar to N-WASP-ΔWA 
(Figure 16), caused a significant decrease in the density of spines and synapses compared 
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with full length WAVE1 (Figure 22).  Interestingly, a mutant only lacking the acidic (A) 
region at the extreme C-terminal end of WAVE1, which binds Arp2/3 complex, caused a 
similar decrease.  Expression of the WA region of WAVE1 alone caused a slight but 
significant decrease in spines and synapses, again similar to what was seen with neurons 
expressing the WA region of N-WASP (Figure 16).  Thus, our results strongly suggest 
that activation of the Arp2/3 complex by the WASP family is critical for the formation of 
dendritic spines and synapses. 
 To further test the hypothesis that WAVE1 is involved in spine and synapse 
formation, we generated an RNAi construct to knockdown expression of endogenous 
WAVE1.  We confirmed the ability of the RNAi construct to knock down rat WAVE1 
expression by transiently transfecting it into HEK-293T cells along with GFP-tagged rat 
WAVE1.  As determined by immunoblot analysis, the WAVE1 RNAi construct 
decreased expression of WAVE1 by greater than 80% compared to empty pSUPER 
vector (Figure 23). When neurons were transfected with the WAVE1 RNAi construct at 
day 6 and fixed and stained for SV2 at day 12, a significant decrease in the number of 
dendritic spines (21.36 ± 1.14 to 4.98 ± 0.53) and synapses (53.63 ± 2.29 to 32.94 ± 2.01) 
was observed compared with cells expressing empty pSUPER vector (Figure 24) ( p < 
0.0001). 
 
Discussion 
This data provides further evidence for WASP family activation of the Arp2/3 
complex in the formation of dendritic spines. Using the WAVE1-ΔA construct, we were 
able to more specifically target the WAVE1 interaction with the Arp2/3 complex without 
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disrupting the V domain, which is responsible for G-actin binding. Elimination of Arp2/3 
binding, while leaving the V domain intact, has a significant impact on the number of 
dendritic spines in hippocampal neurons, indicating that binding of WAVE1 to 
monomeric actin alone is not sufficient for the formation of dendritic spines. It is not 
surprising that there is no difference in the number of spines and synapses between 
neurons expressing the ΔA and ΔWA mutants, because both completely disrupt WAVE1 
activation of Arp2/3 complex. 
This data raises several questions about the roles of WAVE1 and N-WASP 
signaling through Arp2/3 in the development of spines and synapses. The RNAi mediated 
knockdown of either protein individually, as well as the elimination of binding to Arp2/3 
by either proteins, results in a similar phenotype, indicating that both are necessary for 
the formation of dendritic spines and synapses. This suggests two possibilities. Either 
they are both members of a linear pathway that results in spine formation, or both 
proteins are involved in non-redundant parallel pathways that are activated either by the 
same signal or independent signals and converge on Arp2/3. Further study is necessary to 
determine which possibility is the case. 
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Figure 22. WAVE1 binding to actin and the Arp2/3 complex is important for 
dendritic spine and synapse formation. 
 
A, hippocampal neurons were transfected with GFP, GFP-WAVE1, GFP-WAVE1-ΔWA, 
GFP-WAVE1-ΔA, and GFP-WAVE1-WA at day 5 in culture, fixed, and immunostained 
for SV2 at day 12 in culture. Expression of WAVE1 slightly increased the density of 
spines and synapses, while deletion of the C-terminal WA or A region from WAVE1 
significantly decreased the number of spines and synapses. Bar = 2 μm. B, quantification 
of SV2 and PSD-95 clusters and dendritic spines using GFP fluorescence from 
transfected neurons is shown. Asterisks denote statistically significant differences when 
compared to control GFP expression neurons (* P <0.025, ** P < 0.0001). For each 
condition, at least 40 dendrites from at least 20 neurons from three different cultures were 
analyzed. Error bars represent SEM from at least three separate experiments. 
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Figure 23. Knockdown of WAVE1 in HEK-293 cells . 
 
HEK-293T cells were co-transfected with WAVE1 RNAi or empty pSUPER vector and 
myc-WAVE1. The lysates were blotted for myc and actin. The WAVE1 RNAi construct 
decreased expression by more than 80%. Quantification of blots from three separate 
experiments is shown (lower panels).  
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Figure 24. Knockdown of endogenous WAVE1 affects spines and synapses in 
hippocampal neurons. 
 
A, hippocampal neurons were co-transfected with GFP and either empty pSUPER vector 
or the WAVE1 RNAi construct at day 6 in culture, fixed at day 12 in culture, and stained 
for the synaptic markers SV2 (middle panels and overlay). A significant decrease in the 
number of spines and synapses was observed in neurons expressing WAVE1 RNAi 
compared with pSUPER controls. Bar = 2 μM. B, quantification of the number of spines 
and synapses (SV2 clusters) in neurons transfected with empty pSUPER vector or N-
WASP RNAi is shown (** P value < 0.0001) For each condition, at least 20 dendrites 
from at least 10 neurons from three different cultures were analyzed. Error bars represent 
SEM from at least three separate experiments. 
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CHAPTER V 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
 We have shown that activation of the Arp2/3 complex by the WASP family 
member N-WASP is necessary for the formation of dendritic spines and synapses in 
cultured rat hippocampal neurons. N-WASP localized to the postsynaptic side of active 
synapses as shown by multiple synaptic markers. In this location, it is in position to 
initiate polymerization of new actin filaments through Arp2/3 complex activation that 
could provide the driving force to shape the head of a maturing dendritic spine. Inhibition 
of N-WASP activity, either through pharmacological inhibition by wiskostatin or RNAi 
mediated knockdown, resulted in a significant decrease in the number of both spines and 
synapses, indicating that N-WASP activity is necessary for the generation of dendritic 
spines and, as a result, the synapses associated with those spines. Expression of N-WASP 
deletion constructs showed the importance of N-WASP binding to the Arp2/3 complex, 
as deletion of the WA region of N-WASP, implicated in the activation of the Arp2/3 
complex, significantly decreased the number of spines and synapses. Activation of N-
WASP by Cdc42 is also an important step in the formation of dendritic spines and 
synapses, as RNAi mediated knockdown of Cdc42 mimics the phenotype of N-WASP 
knockdown, and this defect in the number of spines can be partially rescued by 
expression of the constitutively active WA region of N-WASP. The Arp2/3 complex 
localizes to spines and synapses, as shown by Arp2/3 localization with several synaptic 
markers, where it is in position to be activated by N-WASP in the maturation of dendritic 
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spines. RNAi mediated knockdown of Arp2/3 showed a similar decrease in the number of 
spines and synapses as seen with Cdc42 and N-WASP knockdown. However, many more 
filopodial like dendritic spine precursors were seen in these experiments, indicating that 
N-WASP may act through another downstream effector aside from Arp2/3 to induce the 
initial protrusion of spine precursors. 
 
Future Directions 
 
 Although we have presented evidence suggesting that Cdc42 acts upstream of N-
WASP in a pathway that regulates spine formation, future studies will be needed to 
determine the factors which initiate this signaling cascade. Transmembrane receptors that 
are activated when the dendritic spine comes into contact with its presynaptic partner 
provide one possibility. Two receptors involved in cell-cell adhesions, which have 
previously been shown to be involved in dendritic spine formation, are α5 integrin and 
the EphB receptor (Irie and Yamaguchi, 2004; Webb et al., 2007). Both have been linked 
to activation of Rho family GTPases and remodeling of the actin cytoskeleton in neurons 
(Huber et al., 2003), and could potentially lead to activation of N-WASP in the formation 
of dendritic spines. 
 A majority of the experiments performed here involved manipulations beginning at 
day 6 in culture and continuing until the neurons were fixed at day 12 in culture. 
Wiskostatin was applied and constructs were transfected at this time in order to allow for 
adequate neurite outgrowth before affecting actin polymerization, and to insure they were 
present at the critical time when spines and synapses were beginning to form. This leaves 
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the question of exactly what time during the development of a neuron as well as what 
stage of dendritic spine development N-WASP activity is required. Other proteins have 
been shown to have differential temporal requirements in the development in spines and 
synapse. Rac activity was required throughout the life of the spine, while the adaptor 
protein GIT1 was only required during the early stages of spine development (Zhang et 
al., 2003). We saw an affect on the number of synapses when wiskostatin was applied for 
one day at day 8 in culture, but these experiments could be expanded to other time 
periods and different points during neuronal development. Neurons could also be left in 
culture for longer than 12 days to assess the affect of manipulations on synapses formed 
later in the development of a neuron and maintenance of previously formed spines. 
Application of wiskostatin at later time points could also indicate whether N-WASP is 
involved in maintenance of the structure of already developed spines.  
 Stimulation of neurons is known to cause formation of new spines and remodeling 
of already existing spines, and both processes require reorganization of the actin 
cytoskeleton (Matus, 2000). Protocols utilizing glutamate stimulation or depolarization 
by high levels of K+ could be used to study requirements of N-WASP for formation and 
remodeling of spines (Pilpel and Segal, 2005; Sung et al., 2008). We would expect to see 
N-WASP localize to new dendritic spines as well an increase in N-WASP in spines 
undergoing depolarization or stimulation mediated morphological changes. If N-WASP is 
involved in rapid reorganization of the cytoskeleton during depolarization mediated 
plasticity, N-WASP could be linked to synaptic plasticity, the process thought to underlie 
learning and memory formation (Engert and Bonhoeffer, 1999). 
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 All of the data to this point which implicates N-WASP in dendritic spine formation 
has been from dissociated cultured hippocampal neurons. These experiments should be 
repeated under conditions more similar to an in vivo environment. Hippocampal slices 
provide a model system that is more like the in vivo environment, but are still accessible 
for imaging and electrophysiological experiments and are transfectable. Transfection of 
the N-WASP RNAi construct, as well as the corresponding deletion mutants eliminating 
Arp2/3 binding, could be transfected into slices, and the experiments looking at dendritic 
spine and synapse formation in the cultured neurons could be recapitulated in the slice. 
The electrophysiological properties of the slices could also be studied to determine if N-
WASP plays a role in neural connectivity and induction of LTP and LTD. 
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APPENDIX A 
 
DETAILED SYNAPSE COUNTING PROTOCOL 
 
1. Open desired image in MetaMorph. 
2. Perform “Count Nuclei” calibration as outlined in Appendix B. 
a. The preliminary setting shown below in the “Count Nuclei” box in step 8 may 
also be used and adjusted as needed (see note after step 11). 
3. Click “Measure,” then “Region Measurements.” The “Region Measurements” 
window will appear.  
 
4. Click the polygonal outlining button on the drawing toolbar and trace the desired 
region on the image. 
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5. The distance of the line will be visible in the “Region Measurements” window, and 
will be used later to calculate the number of synapses per 100 microns.  
a. Click the “Configure” tab to choose which values are shown (area, distances, 
etc). 
6. With the desired region highlighted (selected with a dancing line), choose “Edit,” 
then “Duplicate,” then “Image.” A new window will appear with only the selected 
region. This window will be named “Copy of XXX.” 
a. It is important to note that while overlay images may be copied in this fashion, 
regions from overlay images cannot be used with the “Count Nuclei” 
Application. 
7. Choose “Apps,” then “Count Nuclei.” The Count Nuclei window will appear.  
 
Good initial 
parameters 
 
8. Click the “Source Image” button, then select “Copy of XXX” from the dropdown list. 
The most recently made copy will appear at the top of the list. 
a. To count the spots on an entire image (not just a specific region), skip steps 3-
7 and choose the desired image from the “Source Image” dropdown tab.  
9. Click “Apply.” 
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10. Two new windows will appear, a “Cellular Results for Count Nuclei” and a 
“Segmentation” window. 
a. The “Cellular Results for Count Nuclei” (scrolling down, if necessary) will 
indicate the number of synapses. Each spot recognized is given its own 
number, so the largest number assigned is equal to the total number of spots.  
b. The “Segmentation” window shows the spots recognized by the program, 
which also appear on the original “Copy of XXX” image window as an 
overlay. 
Note: The max and min width values need to be increased or decreased in the 
“Parameters” section of the “Count Nuclei” box often. Generally, while the intensity 
value set during initial calibration will hold for an entire set of pictures, the max/min 
values will not. Always manually check the overlay to see if the program is counting 
spots that should or should not be counted. 
 
Data Analysis in Excel 
1. The sample Excel spreadsheet below show how to determine the number of spots per 
100µm. Data gathered from MetaMorph will be put into the first two columns. The 
final three columns will be calculated by Excel. 
A B C D E 
Number of 
spots 
(from step 9a) 
Total Length of 
Line Drawn 
(from step 3) 
= B/2 
(Length of 
dendrite) 
=C * 0.2159 
(pixels to µm 
conversion) 
= A/D * 100 
(synapses/100 
µm) 
 
a. 0.2159 is the conversion constant for the 60X objective from pixels to µm. 
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b. The value in column C is the length of the dendrite counted. While this is not 
exactly the perimeter of the dendrite (column B) divided by 2, a considerable 
amount of time is saved with this method, and does not significantly affect the 
data. The actual length may be determined using the line tool, but this adds an 
extra step. 
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APPENDIX B 
 
“COUNT NUCLEI” MODULE INSTRUCTIONS 
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